ABSTRACT: A straw proportional counter is the basic element of the ATLAS Transition Radiation Tracker (TRT). Its detailed properties as well as the main properties of a few TRT operating gas mixtures are described. Particular attention is paid to straw tube performance in high radiation conditions and to its operational stability.
Introduction
As described in details in the ATLAS Inner Detector Technical Design Report (TDR) [1] and in [2] , the Transition Radiation Tracker (TRT) consists of three parts -a barrel and two endcaps. Its basic elements are thin-walled proportional drift tubes, hereafter called strawtube or simply straws. Straw tubes were chosen as detecting elements because they offer a high degree of modularity of the detector and because they can easily be integrated into a medium producing transition radiation without compromising the continuous tracking concept. The barrel part is comprised of 52 544 straws 144 cm in length oriented parallel to the beam. The two end-caps each contain 122 880 straws 37 cm in length radially aligned to the beam axis. The detector geometry guarantees that particles cross 35-40 straws in a pseudorapidity interval from 0 to 2, providing continuous tracking at larger radii of the Inner Detector while enhancing its pattern recognition ability. The operating conditions in the ATLAS experiment at the Large Hadron Collider (LHC) impose stringent requirements on the straw properties. All choices of materials, the straw design, the active gas, and the operating point were made to ensure safe, and efficient operation in the high radiation environment.
This paper presents the final design of the TRT straw proportional counter, the basic properties of a few gas mixtures and straw performance results achieved so far which are common for different parts of the TRT.
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TRT straw design and basic properties
Many of the requirements for best performance at the LHC are mutually exclusive, hence some compromises have to be made. For example, a large tube diameter would assure a high hit efficiency, however it would not be able to collect all the electrons in the short bunch crossing time of 25 ns because of the long drift-time in the straw. Tubes of 4 mm inner diameter were chosen for the TRT, representing a good compromise between speed of response, number of ionization clusters, and mechanical as well as operational stability. In this section we describe only the properties of the TRT straws common to any chamber design. Design details of the integration into the actual mechanical and electrical structures of the real detector and the different solutions for the Barrel and EC parts of the TRT are presented in [3] and [4] .
TRT straw design and production
The straw tube wall (figure 1) is formed from two layers of a 35 µm thick multilayer film which is produced from 25 µm Kapton 100VN film. A special film coating technology was developed to obtain the desired mechanical and electrical properties. In the first manufacturing step an aluminium layer of 0.2 µm thickness was deposited on one side of the Kapton film. The Al-layer is then protected by a 5-6 µm thick graphite-polyimide layer, containing 55% of carbon. While the Al-layer provides good electrical conductivity, the carbon-loaded polyimide protects the aluminium against damage from cathode etching effects during high rate operation and evaporation from occasional discharges. The other side of the film is coated with a 4-5 µm polyurethane layer acting as a heatactivated adhesive and sealant. The straw was manufactured by Lamina Dielectrics Ltd. 1 First, the coated film was slit into tape 10-mm wide. Two tapes were wound with a pitch of about 13 mm on a precisely tooled mandrel at a temperature of ∼260 • C, with the adhesive layer of the inner tape facing out and the adhesive layer of the outer overlapping tape facing in, figure 2. The allowed gap between tape during winding was specified to be 100-300 µm and was continuously controlled.
The adhesion between the two coated polyimide films was required to be at least 0.5 N/cm 2 and was controlled by a tensile strength test performed on a sample of the straw (minimum length 200 mm). This test was carried out until the point of rupture and demonstrated that the straw breaks only for loads above 30 N. It was observed that for ruptures below 50 N, the coated film breaks before the disruption of the adhesive bond between layers. In order to ensure a gas tightness quality of the bond regular pressure tests with similar samples of the straws where performed during the production process.
With Kapton film alone, the straw has poor mechanical properties. The straws would be affected by environmental factors, such as humidity and temperature, and significantly change size or even creep under tension or compression. In order to stabilize the straw geometry they were reinforced by carbon fibre bundles. Carbon fibre has a number of advantages: lightness, high elastic limit and specific rigidity, no water absorption, very low heat expansion, good heat and electrical conductivity, among others.
Four 1000-filament carbon fibre bundles were bonded to the outer surface of approximately 150,000 straws 160 cm in length, figure 3. Fibers were attached at 90 • with respect to each other using a special machine developed at CERN. 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 11111111 11111111 11111111   11111111 11111111 11111111 11111111 11111111   11111111 11111111 11111111 11111111 11111111 11111111   11111111 11111111 11111111 11111111 11111111   11111111 11111111 11111111   11111111 11111111 11111111 11111111 11111111 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 In the reinforcement process the carbon fibre bundles pass over a series of rollers and an impregnation pot that wets the fibres with epoxy resin ensuring uniform resin distribution and tension. A 120 µm thick film of resin, controlled by an adjustable stationary scraper, is applied to the impregnation roller by dipping. The final thickness of the glue-coated bundle is about 80 µm and width is about 800 µm. After cutting, the 37 cm end-cap straws show a deviation from straightness of less than 300 µm, while the 144 cm barrel straws have a deviation from straightness of less than 1 mm, well within the TRT specification. The basic straw mechanical properties are now defined by the carbon fiber's Young's modulus of 200 GPa and their total cross section of 1.54 · 10 −7 m 2 . The Young's modulus of the straw film is about 4 GPa.
The reinforced straws have a modest weight increase (from 1.0 to 1.5 g/m), however they have a substantially reduced expansion due to humidity and their thermal expansion coefficient is about one order of magnitude smaller (2 · 10 −6 K −1 ) compared to non-reinforced straws. In fact, the straw tubes are now an integral part of the TRT's mechanical structure. They take the own wire tension load and support inner structure of the wheels in the end-cap TRT [4] and the radiator in the barrelTRT [3] . Strict quality control steps were implemented in the straw production and assembly process. These include surface conductivity measurements, fibre bonding quality checks, fibre delamination tests and straw geometry measurements (straightness, inner and outer diameter and local deformations or defects). The total production yield was 92% with 2% of the straws rejected after reinforcement and 6% during or after the final straw tube assembly.
TRT straw electrical properties
In drift tube detectors with anode read-out the cathode resistance must be kept as low as possible (the TRT specification is < 300 Ω/m). In the TRT straws the thin aluminium layer ensures a sufficient cathode conductivity of the tube (three orders of magnitude higher than without Alcoating). The outer conductive layer which is identical to the inner surface ensures reasonably good operational properties of the straw even in case of severe damages of the inner layer due to electrical discharges. The carbon fibre reinforcements not only provide very good mechanical stability, but also improve the signal propagation properties by reducing the effective resistance to 10-20 Ω/m. An electrical connection of the outer and inner conductive surface of the straw is made to avoid loss of conductivity in case of possible damage of the inner tube layer through erosive effects. This connection is realised by coating the straw ends with a conductive epoxy resin.
The anode wire for the TRT straws was chosen to be of gold-plated tungsten and 30 µm in diameter. Dedicated studies were devoted to finding a plating technology insusceptible to gold damaging effects from the former fluorine-containing gas mixture [5] . Best results came from gold plating techniques involving no additional substrates. The thickness of the gold layer was chosen to be 0.6-0.7 µm. In order to ensure gas gain uniformity, deviations from wire diameter and circularity were specified to be less than 1% and 2% respectively. The resistance of the anode wire is 60 Ω/m. The wire was manufactured by Toshiba at the Yokaham, Japan factory.
An overview of the assembled straw electrical properties is given in table 1.
Choice of the TRT gas mixture
The basic properties of the TRT straw tubes were published almost ten years ago [1] . However there remained a strong motivation to continue studies to ensure reliability and stable performance of the ATLAS TRT during ten years of operation at the LHC. Many results of the extensive followup research efforts have been published in [5 -10] . Tests were performed with the original (old) TRT gas mixture, which was Xe + CF 4 + CO 2 in the proportions 70%, 20% and 10%. This gas mixture combined the advantages of efficient transition radiation absorption, high electron drift velocities, a wide operating plateau and good ageing resistance. CF 4 as an additive not only provides fast electron collection times and a large operating plateau, but also serves as an ageing inhibitor. Electro-chemical reactions occurring in the straws operating under irradiation produce fluorine active species (HF, F, F 2 . . . ), which inhibit or remove silicone-based wire deposits. Unfortunately these species (particularly HF) can also attack and damage some detector materials [5] . The HF component strongly depends on the water content in the active gas. Even a tiny concentration of water is enough to produce a substantial amount of HF species. This is particularly critical for the glass wire-joint that separates the 1.44 m barrel TRT wires [12] . After a year of intensive R&D on alternative wire-joint technologies and operating gas mixtures, it was decided to abandon CF 4 in the active gas mixture.
At that point the TRT detector was already designed and largely in production, hence a new gas mixture needed to be found that had similar properties, without containing components that are potentially aggressive or subject to ageing phenomena.
The main requirements on the TRT gas mixture are:
• Efficient transition radiation photon absorption (xenon fraction of 65-70%)
• Performance (signal shape, maximum drift-time, diffusion, etc.) similar to the old gas mixture
• Good electrical stability for straws with wire offset of up to 400 µm
• Compatibility with front-end electronics design [11] • Absence of polymerization effects (basically no hydrocarbon gases)
• Dissociation products must have minimum aggressive properties
• Compatibility with the detector and gas system materials
Xenon is the base component of the gas mixture, needed for its efficient X-ray absorption. The fraction of 70% marks the balance between transition radiation performance, operational stability and electron collection time [12, 13] . As a common neutral quencher carbon dioxide (CO 2 ) provides a plateau of constant drift velocity over a large drift range in the straw tubes, low longitudinal diffusion and a small electron deflection in magnetic fields (small Lorenz angle). It also has stabilizing properties in the gas mixture by its ability to absorb UV photons produced in the ionization processes. However for the TRT straw parameters described above the UV absorption capacity in not yet sufficient and an addition of a third component is required for stable operation.
Hydrocarbon gases are often used to stabilise the amplification process, but are prone to polymerisation on the anode wire.
-5 - One of the hydrocarbon candidates, ethane (C 2 H 6 ), is known to show no tendency to polymerize at relatively high radiation doses [14] . However, for extended irradiation areas fast straw ageing was observed [15, 16] .
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The choice of non-organic gases is very limited. Eventually oxygen was found to be a suitable additive to the Xe-CO 2 binary mixture. The optimal gas composition was found to be 70%Xe + 27%CO 2 + 3%O 2 (new gas mixture).
The change of the TRT operating gas required a repetition of the measurements of all straw parameters important for the detector operation.
Gas gain working point and operation stability
The straw gas gain working point is determined by many parameters such as detector performance requirements, the lowest electronics threshold, secondary effects at high gas gain etc. The working point is set at a minimum possible gas gain which allows a compromise between these constraints. It was chosen to be 2.5 · 10 4 [1] . In figure 4 one can see that this value is reached in both the old and the new mixtures at the same voltage of 1530 V. As a reference the gas gain curve for Ar-CO 2 70/30 is shown in the same plot. This mixture is used during TRT acceptance tests and in the initial commissioning phase (see also section 5).
One of the most important parameters related to the working point is the width of the working plateau or, in other words, the difference in voltage between the working point and the point of breakdown. An increase in the fraction of O 2 increases the working plateau, however oxygen is a strongly electronegative gas and increasing its concentration quickly deteriorates straw performance.
The straw operation stability depends strongly on the displacement of the anode wire from the tube axis. This value was required to be generally below 300 µm, but in some cases it was accepted up to 400 µm. Wires with larger offsets have been disconnected from high voltage during acceptance testing and assembly of the full detector. Figure 5 illustrates how the distance between working-point and breakdown voltage (operational plateau) varies as a function of the wire offset in different gas mixtures. It clearly demonstrates that the addition of about 3% of ethane or oxygen substantially improves the operational stability of the binary Xe-CO 2 mixture and ensures a comfortable safety margin for the straw operation. This margin is necessary to allow for an increase of gas gain due to several different factors such as: possible need to increase the gas gain after some time of operation at LHC intensities to enhance signal to noise ratio (35 V), heavy-ionizing particle effect (30 V) and temperature variations (15 V). These factors are summed up and reduce the working breakdown margin by 80 V and for the binary Xe-CO 2 mixture leave safety margin of about 40 V, which cannot be considered safe for the ATLAS TRT.
As was mentioned earlier, an ethane gas addition would stabilize the amplification process but at the TRT straw operating conditions it manifests ageing effects. This is illustrated in figure 6 , showing the amplitude variation along a straw of the signal using an 55 Fe source. The test was conducted with the two gas mixtures Xe-CO 2 -ethane 70/27/3 and Xe-CO 2 -O 2 70/27/3. During the ageing run a 40 cm long straw was irradiated by a 11 cm wide X-ray beam producing an ionization current density of 0.1 µA/cm (the irradiated region was located at the position 15-26 cm). Gas flow was set to 0.15 cm 3 /min (gas-flow direction is from left to right in figure 6 ). After 30 hours of irradiation using the ethane gas mixture, a significant amplitude drop was observed at the straw position 18-26 cm (i.e., the aged spot starts 3 cm downstream of the beginning of the irradiated area). These results, supported by further studies, show that the ethane itself is not prone to polymerization, and if irradiation area is not wide or gas flow is large the non-saturated hydrocarbons compounds produced in the avalanche are efficiently removed from the irradiation area. But in case of extended ionisation they are accumulated down stream and reach a concentration at which a polymerisation process creates a deposit. In a second run the same straw was irradiated under the same operating conditions using the oxygen-containing gas. After 18 hours of irradiation the amplitude in the affected area was restored, i.e., the wire deposit was removed. This demonstrates the strong cleaning effect of oxygen, which acts efficiently on hydrocarbon deposits.
Oxygen itself is transparent to UV photons, so the stabilisation is provided by the ozone (O 3 ) molecules created in the avalanches. Increasing the oxygen fraction leads to more stable straw operation and concentrations below 3.5-4 % do not affect TRT performance, however, more than 2 % is needed to provide good operational stability. Oxygen has very strong electronegative properties particularly for electrons which have low energies (low electric field regions) and this may deteriorate amplitude characteristics particularly for the straws with some wire offsets. Figure 7 shows the attachment coefficient for different TRT working gases. One sees that all of the mixtures have a large attachment coefficient at high electric field near the anode wire but oxygen very strongly absorbs electrons near the straw cathode as well. The larger wire offset lead to more electron losses near the cathode. For 400 µm wire offset wire attachment at 2% O 2 is the same as for 0 offset at 4% O 2 .
A magnetic field makes this effect stronger because the drift path increases. The effect of the magnetic field as a function of the wire offset on the signal amplitude measurements is shown in figure 8 . Taking all these effects into account, 3% Oxygen was considered to be enough for satisfactory TRT straw operation. As was mentioned above, the main stabilising factor in oxygen containing mixture is ozone production in the avalanche near the wire. Under large irradiation dose rates ozone has a tendency to be accumulated downstream of the straw chamber leading to a consequent loss in amplitude because of its extremely high electro-negativity (much larger than for oxygen). Figure 9 shows the signal amplitude variation from the 55 Fe source along the 140 cm straw (TRT Barrel straw) at a current density of 0.125 µA/cm (maximum LHC luminosity). The gas flow corresponds to a gas exchange of 1 volume/hour (nominal for the TRT barrel) and is directed from the left side of the picture to its right side. One sees that a substantial drop of the amplitude (about 13%) happens in the first 40 cm of the straw. A balance between ozone production and its dissociation under irradiation is reached. The measured O 3 concentration was found to be of about 150 ppm. Ozone production does not significantly affect TRT performance. However it is chemically highly aggressive and special measures have to be taken in the TRT gas system to remove this component from the circulating gas. We have also shown that the TRT materials are robust in the presence of ozone.
Electron drift properties
The charge collection time in the straw is an important parameter for the tracking performance of the TRT at the LHC. It is determined by the electron drift velocity in the gas as a function of the electric field in the straw, by the magnitude and direction of the magnetic field, and by a possible wire offset.
The presence of a magnetic field (∼1.5-2 T for the TRT) alters the trajectory of the electron due to the Lorentz force, which generally leads to an increase in the total electron collection time.
The impact is most significant in the low electric field region, where the drift velocity component perpendicular to the electric field is not negligible. This region corresponds to the outer 1.2 mm of the 2 mm radius of the straw tube.
The magnetic field effect in a Xe-CO 2 -O 2 70/27/3 gas mixture (Garfield simulation) is shown in (figure 10). Although the effect of the magnetic field on the drift velocity is quite significant, the difference of the drift velocity component parallel to the electric field is small as can be seen in figure 11 .
The simulated maximum charge collection time as a function of the magnetic field is shown in figure 12 for two gas mixtures [17] . One sees that at magnetic field B = 0 the difference between the mixtures is 7 ns where as for B = 2 T it is only 4 ns. Detailed simulations for the nominal LHC luminosity show that this increase leads to an increase of maximum straw occupancy from 50% to 53%.
It is natural to expect an increase in the maximum drift-time in a straw with an eccentric wire. The electric field near the straw cathode is about 1.6 kV/cm and corresponds to a region of very steep rise of the drift velocity curve, as seen in figure 11 . As a direct consequence this affects the mean value and the variation of the arrival time of electrons from the outer radii in the straw. The simulated maximum drift-time as a function of wire offset is shown in figure 13 . However beam tests showed that an offset has a negligible impact on the straw drift-time accuracy for the new gas mixture if extrapolation of the R-T dependence is used.
-10 - For the TRT tracking performance it is very important to have a stable or very slowly changing R-T dependence. (i.e. the drift-time as a function of the distance from the wire). The dependence of drift velocity on variations of the composition of the gas mixture remains a critical issue.
JINST 3 P02013
The ATLAS SCT and Pixel detector have a common gas envelope filled with nitrogen (N 2 ), while the TRT uses CO 2 as an envelope gas. The common Inner Detector (Pixel+SCT+TRT) envelope is filled with CO 2 as well. In a complex system like this it is not possible to exclude a leakage of N 2 into the TRT envelope. Both CO 2 and N 2 have the ability to diffuse through the straw walls or micro-holes into the operating gas volume. Nitrogen contamination, as well as a change in the CO 2 fraction, has a significant effect on the electron drift velocity and thus alters the R-T relation (figure 14). The amount of CO 2 in the operating gas is actively controlled in the TRT gas system and its concentration stability is expected to be at the level of 0.2%, satisfactory for TRT operation. It is not foreseen to have nitrogen removal in the TRT gas system, so the level of nitrogen in the TRT envelop gas volume has to be kept below 0.5% according to specifications.
Straw signal
A critical issue for the choice of the new gas mixture was compatibility of the front-end electronics with the shape of the signal from the straw. This has particular importance for operation at high counting rates, because preserving the straw drift-time accuracy and efficiency requires a precise cancellation of the long ion tail [7, 10] . Fortunately the ion tails for the old and new operating gas mixtures are identical, although, as seen from figure 15 where the measured signal amplitudes for different gas mixtures are shown, the new gas has a 7% decrease of the fast electron component of the signal. The straw signal shape for a mixture containing ethane is however very different. This difference probably arises from a contribution of electron capture process to the observed ion tail. Negative charged ions created in the avalanche in CO 2 or CF 4 containing mixtures move towards the wire and create a current which partially compensates the relatively fast drop of the current from the movement of the positive charged ions. E, keV Number of events (arbitrary units) Figure 16 . Differential spectrum of energy deposits in a single straw for 20 GeV/c pions (pion dE/dX spectrum).
TRT straw performance with the new operating gas mixture
To test the performance of the TRT with the new gas mixture, several small-scale TRT prototypes were built and tested in the H8 beam line at the CERN SPS accelerator. The performance was evaluated using electron, pion, and muon beams with momentum varying from 5 to 300 GeV/c. Three precise silicon micro-strip detectors with intrinsic resolution of 10 µm were used to determine particle trajectories. Two Cherenkov counters and a preshower detector, together with a small lead-glass electromagnetic calorimeter, were used for beam particle identification.
Energy deposition and transition radiation measurements
The prototype used for measurements of a dE/dX spectrum and a superposition of the dE/dX and TR (Transition Radiation) spectrums consisted of ten straw layers interleaved with removable stacks of radiator foils. Precise amplitude measurements were made using 10-bit ADCs. Figures 16  and 17 show energy deposit spectra of these straws for pions and electrons in both the Xe/CO 2 /CF 4 and the Xe/CO 2 /O 2 gas mixtures. The most probable energy loss in the new mixture is slightly smaller due to removal of the heavy CF 4 component while the absorbed TR spectrum remains the same.
Quantitative agreement between test-beam data and Monte-Carlo simulations is important for prediction of the electron/pion separation of the ATLAS TRT detector. A dedicated Monte-Carlo program was developed to simulate the dE/dX and TR energy deposition in a TRT straws. Figure 18 shows the excellent agreement between the data and the Monte-Carlo simulation for the new gas mixture. 
Drift-time measurements
As described in section 3.2, straw signals from the old and the new gas mixtures are almost identical, so one should not expect a substantial change of the detector performance at high rates using . Measured relationship between drift-time and minimum distance from the particle tack to the anode wire obtained from extrapolation to the straw of the beam tack reconstructed in a silicon micro-strip telescope for Xe/CO 2 /O 2 gas mixture.
the same front-end electronics. For a detailed comparison of the straw performance using different operating gases, only the analog front-end electronics component (ASDBLR) was used, while time measurements were performed with a multihit time-to-digital converter (TDC) with 1 ns bin size. Measured relationship between drift-time and minimum distance from the particle tack to the anode wire obtained from extrapolation to the straw of the beam tack reconstructed a in silicon micro-strip telescope for Xe/CO 2 /O 2 gas mixture is shown in figure. 19. This distribution allows to establish time-distance relation to be used for coordinate measurements.
The results of the analysis of the straw coordinate measurement properties are presented in figures. 20 and 21, showing respectively the drift-time measurement accuracy (coordinate measurement accuracy-σ ) and the drift-time measurement efficiency (probability for of the reconstructed coordinate to be within ±2.5σ of the projected track) for the old and the new gas mixtures as a function of the straw counting rate. The drift-time measurement accuracy for the Xe/CO 2 /O 2 gas mixture is better by 10-20 µm than for the CF 4 -containing one, while the drift-time measurement efficiency remains the same even at the highest expected counting rates (20 MHz) at the LHC. The somewhat worse drift-time measurement accuracy in Xe/CO 2 /CF 4 is not only due to its faster drift velocities compared to the oxygen-containing gas, but mainly comes from large fluctuations in the arriving electron cluster size, due to the strong electron attachment at high electric fields (figure 7).
At high particle rate of up to 500 kHz/cm, as expected in the most exposed parts of the TRT during operation, space-charge effects could affect detector performance. This effect has been studied in detail for the old TRT gas mixture, where no change was observed in the signal amplitude at rates up to 500 kHz/cm or in the drift-time accuracy up to 750 kHz/cm [6] .
These studies were repeated for the new gas mixture. A straw placed in a test beam with a silicon tracking setup was at the same time exposed to the 6 keV X-rays rays from an 55 Fe source that gave a maximum rate of 350 kHz/cm. The space-charge effects expected from this rate of 6 keV X-rays correspond to those expected from minimum-ionising particles (about 2 keV) at a rate of 900 kHz/cm (about twice the maximum expected at the LHC). Some results of the studies are shown in figure 22. One sees that the straw drift-time accuracy is degraded from 110 µm (no rate) to 130 µm (maximum rate). There was no significant change of the drift-time hit efficiency registration observed. Since the straw drift-time accuracy has not been observed to be affected at these high rates for the original gas mixture, the degradation observed in these measurements most likely arises from the local high ozone concentration in the avalanche region.
The complete TRT read-out chain contains a DTMROC chip which has 3.125 ns time binning [18] . This time binning has an impact in the drift-time measurement precision. TRT straw 
Operation with Ar-CO 2 mixture
Xenon is a very expensive gas. During detector assembly, acceptance testing, and the initial commissioning period a mixture of 70% Ar + 30% CO 2 was used. This mixture provides stable operating characteristics at lest up to gas gains of 6 · 10 4 , which is reached at about 1500 V, figure 4 . This binary gas is less stable than the 70%Xe+27%CO 2 +3%O 2 mixture, particularly for heavy-ionizing particles, in the wire regions with hot spots or at high particle densities. However it still offers a long working plateau (up to 1770 V) at the detector testing conditions and can be considered safe for operation at 1450 V. To obtain a reference point for the TRT commissioning period, straw performance with this mixture was studied at the test beam. The results in figures 25 and 26 show that a drift-time accuracy of 190 µm and a drift-time hit registration efficiency of 78% was obtained. The somewhat worse results in comparison to the TRT xenon mixtures arise mainly from the lower density of this mixture, which results in fewer primary ionisation clusters. This binary gas mixture has a much shorter collection time as shown in figure 25 . Operation of the TRT with this gas would lead to a reduction of the straw occupancy from adjacent bunches by about factor of two at the nominal LHC luminosity.
Conclusions
The TRT straw performance requirements are defined by the operating conditions in the ATLAS experiment at the LHC. The TRT is situated close to the proton-proton interaction point and the particle fluxes through the straws are therefore very high (table 2). The TRT detector will be operated with the gas mixture Xe-CO 2 -O 2 70/27/3. This gas mixture has been extensively validated in terms of high-rate performance and ageing behavior. Table 3 summarises of the straw operation properties with the new gas mixture and with the Ar-CO 2 mixture, used during production, acceptance testing, and the initial TRT commissioning.
The results on straw performance and straw ageing (to be published separately) lead us to the firm conviction that the TRT will reach its expected performance at nominal LHC luminosity. Table 2 . TRT straw operation conditions in the ATLAS experiment.
Parameter
Value Charged particle dose accumulated over 10 years up to 10 MRad Neutron fluence over 10 years up to 2·10 14 n/cm 2 Straw counting rate up to 20 MHz Ionising particle density in the straw up to 500 kHz/cm Ionising current density up to 0.15 µA/cm Total charge accumulated over 10 years 10 C per 1 cm of wire Induced Xe radioactivity stored in the TRT 8 mCi 
